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The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) -associated protein 9 (Cas9) 27 has been repurposed as a tool for a variety of applications including genome editing, transcriptional 28 repression or activation, epigenetic modifications, chromosomal loci tagging and more (Hsu, Lander, 29 and Zhang 2014). In most Eukaryotic cells, Cas9 breaks can be efficiently repaired by template-30 independent non-homologous end joining (NHEJ), which introduces small indels and can be 31 conveniently used to knockout genes. Conversely, the main outcome of Cas9 cleavage in the 32 chromosome of bacteria is cell death (Bikard et al. 2012 (Bikard et al. , 2014 ; Citorik, Mimee, and Lu 2014; Gomaa 33 et al. 2013) . Most bacteria lack a NHEJ system, but even in species that do carry such repair pathway, 34 it seems unable to efficiently repair Cas9 break under laboratory conditions (T. ; 35 Bernheim et al. 2017 ). Bacteria mostly rely on homologous recombination to repair double strand 36 breaks, which is made possible by the fact that several copies of the chromosome are present in the 37 cell under most conditions (Dillingham and Kowalczykowski 2008; Ayora et al. 2011) . 38 We recently showed that when Cas9 is guided to target a position in the chromosome, some guide 39
RNAs appear to be less efficient than others. When guided by a weak guide, Cas9 will not cleave all 40 copies of the chromosome simultaneously leaving a copy intact for repair and allowing cells to 41 survive by entering a cycle of DNA cleavage and repair. However, a strong guide will lead to the 42 guides are weakly depleted. We measured a decrease of PCN after Cas9 induction when targeting 114 genes yfaL and glpA in the first region, and an increase of PCN when targeting genes fucI and tcdA in 115 the second region (Fig. 1e) . These results support the hypothesis that variations in the number of 116 copies of the plasmid carrying the guide RNAs are responsible for the pattern observed. 117
Degradation of chromosomal genes that control plasmid replication explains the large-scale 118 pattern 119
We then sought to understand why targeting specific genomic regions affects plasmid copy number. 120
We hypothesized that some regions might contain genes necessary for efficient plasmid replication. 121
Targeting these regions with Cas9 will lead to the degradation of the target DNA and therefore genes 122 in the target region will no longer be expressed. If our hypothesis is correct then it should be possible 123 to restore plasmid replication by cloning genes in the target region on a plasmid that will not be 124 targeted by Cas9. To test our hypothesis we cloned ~13.3 Kbp located in the central part of the peak 125 located around 2.34Mbp in plasmid pBG7 (Fig. 2a) . We then targeted different positions inside or 126 just outside of the region and measured PCN after Cas9 induction. As expected, the copy number of 127 the plasmid carrying the guide was higher in the presence of pBG7 than with a control empty vector 128 (pBG10). When a different region in which guides are also strongly depleted was targeted (see target 129 in opgG), pBG7 did not have an effect on the PCN of psgRNA (Fig. 2b) . These results support our 130 hypothesis that genes cloned on pBG7 are important for replication of the plasmid carrying the 131 library and that the loss of these genes after Cas9 cleavage results in the interruption of plasmid 132 replication. In order to identify the specific gene responsible for the variations in plasmid copy 133 number, we independently cloned genes or operons present in the 13.3 Kbp region cloned on pBG7 134 (Fig. 2a) . We only observed a substantial increase in PCN when the nrdA-nrdB-yfaE operon was 135 cloned on the plasmid (Fig. 2c, see pBG15) . Genes nrdAB encode a ribonucleoside diphosphate 136 reductase involved in pyrimidine deoxyribonucleotides synthesis (Kolberg et al. 2004 ). The loss of 137 these genes might lead to a decreased availability of deoxypyrimidines and consequently an 138 inhibition of DNA replication. This hypothesis is also consistent with the fact that the level of nrdA 139 mRNA strongly dropped 4H after Cas9 cleavage, consistently with the emergence of the pattern 140 (Supplementary Fig. 1) . 141 7 143
Figure 2. The large-scale pattern is explained by the degradation of chromosomal regions carrying genes necessary for replication. a) Genes at the centre of a depletion peak were cloned on a set of vectors. b) Fold change in the copy number of the plasmid carrying the guide RNA in the presence of plasmid pBG7 or the control empty vector pBG10, after cleavage with guides targeting genes yfaL, yfaU, glpA in the region, and opgG outside of the region. c) Fold change in the copy number of the plasmid carrying the guide RNA in the presence of various complementation plasmids and the control (pBG10), after 4H of induction with a guide targeting glpA. d) Moving average of guide RNA depletion in the genome-wide Cas9 killing screen performed in the presence of various complementation plasmids (window size of 6kb). e) Sequence coverage after 30min of Cas9 induction to cut position yfaL in strain LC-E19 (wt), a DrecD mutant and a DsbcB mutant (moving average with a window size of 10kb. f) Moving average of guide RNA depletion in the genome-wide Cas9 killing screen performed in DrecD and DsbcB mutants (window size of 6kb).
Finally, we performed the Cas9 genome-wide screen again in the presence of plasmid pBG7, pBG15 144 or the control empty vector. We observed a much weaker depletion of guides targeting the region 145 located around 2.34Mbp in the presence of pBG7 and pBG15 than with the control vector (Fig. 2d) . 146
Interestingly guides in the library that targeted the region cloned on the complementation plasmid 147 showed a stronger depletion than guides targeting just outside of this region (see Supplementary Fig.  148 2 for a zoom in the region). This is consistent with the fact that these guides will destroy both the 149 chromosomal and plasmidic nrdAB operons, preventing rescue. As an internal control, a mutation 150 was introduced in the PAM motif of one of the target positions carried by plasmid pBG7. As expected 151 the guide targeting this position was much less depleted than surrounding guides (Supplementary 152
Fig. 2). 153
The shape of the large-scale pattern is determined by DNA degradation speed 154
Our results therefore indicate that the nrdAB genes might be responsible for the depletion of guides 155 targeting a region of ~100 Kbp with guides further away from the genes being on average less 156 depleted than guides closer to the genes. These results suggest that the extent of DNA degradation 157 determines the shape of the depletion pattern. To investigate this in more details we programmed 158 plasmid psgRNA to target gene yfaL (next to nrdAB) and sequenced the DNA extracted from strain 159 LC-E19 after 30min of induction. Sequence coverage can be used as a measure of the abundance of 160 DNA around the target region in the sample. DNA was degraded over ~50 Kbp away from the target 161 in about half of the cells (Fig. 2e) . The scale of DNA degradation matches that of the large-scale guide 162 RNA depletion pattern consistently with our hypothesis. 163
If DNA degradation determines the shape of the guide RNA depletion pattern, mutants of genes 164 involved in DNA degradation might change it. We repeated the whole genome Cas9 cleavage screen 165 in DrecD and DsbcB mutants. The pattern was indeed strongly affected in these mutants with 166 broader peaks and a stronger overall depletion of guides in the DsbcB mutant and narrower peaks 167 with a weaker overall depletion of guides in the DrecD mutant (Fig. 2f) . Consistently with this 168 observation, DNA degradation was faster in the DsbcB mutant and slower in the DrecD mutant. 169
Altogether, our results demonstrate that the large-scale pattern of guide RNA depletion originates 170 from the effect of degrading some chromosomal regions on plasmid replication and copy number. 171
A neural network model enables to predict guide RNA efficiency 172
The large-scale pattern described above accounts for an important part of the variation in the effect 173 of guides, but we also observed a reproducible variability between guides targeting nearby positions. Rather, we were able to demonstrate that this large-scale pattern emerges from changes in plasmid 259 copy number that occur after the degradation of specific chromosome regions after Cas9 cleavage. 260
The description of this artefact should serve as a cautionary tale for any pooled genetic screen in 261 which the readout is made by sequencing a guide RNA or any barcode on a plasmid. Note that Cas9 262 might still be able to kill E. coli more or less efficiently depending on which region of the 263 chromosome is targeted, but a different experimental design will have to be used to investigate this 264 question. 265
After taking the large-scale depletion pattern into account we could investigate the effect of the 266 guide RNA sequence on the ability of Cas9 to kill E. coli. Our results highlighted the positive effect of 267 a high GC content at the 5' end of the guide RNA, and in particular the negative effect of thymidines 268 in this region. Binding of the 5' end to the target sequence is required for a conformational shift to 269 13 occur in Cas9 which brings the RuvC and HNH catalytic domains in contact with the target DNA 270 (Samuel H. Sternberg et al. 2015; Jinek et al. 2014 ). This binding might be disfavored by a high 271 thymidine content, making cleavage less efficient. Another possible explanation is that guide RNA 272 transcription might be imperfect for some sequences. It was previously reported that the sequence 273 around the transcriptional start site (TSS) can impact the frequency at which the polymerase will 274 initiate transcription at different positions (Vvedenskaya et al. 2015) . In particular, thymidine-rich 275 sequences where shown to favor initiation further away from the -10 element, which in our case 276 would lead to the formation of truncated guide RNAs. The same study also highlighted the fact that 277 poly-T and poly-A stretches after the TSS promote slippage synthesis, which could conversely lead to 278 the formation of longer guide RNAs. Finally, the sequence at the 5' end of the guide might impact its 279 stability in vivo. Moreno-Mateos measured an increased stability and activity of guides with a higher 280 guanine content, and provided evidence that these guides might form G-quadruplexes protecting 281 them against 5'-directed exonucleases. This mechanism could also be at play in our experiments. 
Methods
290
Bacterial strains and media 291
E. coli strains were grown in Luria-Bertani (LB) broth or LB Agar 1.5% as solid medium. Whenever 292 applicable, media was supplemented with chloramphenicol (20 µg ml -1 ), carbenicillin (100 µg ml -1 ) or 293 kanamycin (50 µg ml -1 ) to select or ensure the maintenance of the plasmids. Lower concentration of 294 kanamycin (20 µg ml -1 ) was used to select for the integration of vectors in the chromosome. All the 295 strains modifications derived from E. coli MG1655. E. coli strain DH5α or MG1655 were used as 296 transformation recipients. 297
Plasmids and E. coli strains construction 298
Strain LC-E19 was constructed using the pOSIP system (St-Pierre et al. 2013) and the backbones were 299 removed using the pE-FLP plasmid(St-Pierre et al. 2013). The Ptet-Cas9 expression cassette was 300 14 integrated at the HK022 attB and a gfp (Green Fluorescent Protein) reporter gene under the control 301 the sulA promoter was integrated at λ attB to monitor SOS response. Genes recD and sbcB were 302 deleted from strain LC-E19 using the lambda red recombineering strategy (Sharan et al. 2009 ). 303
Plasmid pKD4 was used as a template to generate linear DNA fragments via polymerase chain 304 reaction (PCR) followed by electroporation into strain LC-E19 carrying plasmid pKOBEG-A 305 (Chaveroche, Ghigo, and d' Enfert 2000). Colonies resistant to kanamycin were selected and the 306 resistance gene was then removed using plasmid pE-FLP. The constructions were verified by PCR and 307 sequencing. All the bacterial strains used in this study are listed in Supplementary Table 1 and the  308 primers used for strain construction in Supplementary Table 2 . 309
Fragments for plasmid constructions were generated by PCR or restriction digestion and assembled 
Genome-wide Cas9 screen 315
The data shown in figure 1 was generated as follow. The guide RNA library carried on plasmid 316 psgRNA was electroporated into LC-E19, plated in LB with kanamycin 50 μg/ml and incubated at 37°C 317 for 4h. An estimated number of 10 7 clones were recovered, pooled in 10ml LB and stored as 1ml 318 aliquots in DMSO 10% at -80°C. To perform the assay, 1ml of frozen cells were thawed in 400ml of LB 319 with kanamycin 50 μg/ml and cultivated at 37°C, 190 RMP until they reached early-exponential phase 320 (OD600 ≈0.25). Then, aTc 1nM was added and cells were recovered at different time points (0h, 2h, 321 4h and 6h). Plasmids were extracted from 50 ml of culture using the NucleoSpin Plasmid kit 322 (Macherey-Nagel, Duren, Germany). The whole assay was performed in triplicate. 323
During the course of the study we realized that leaky expression of Cas9 in strain LCE-19 might lead 324 to the introduction of biases in the library as clones that mutate the CRISPR-Cas9 system or the 325 target might be selected before induction with aTc. To avoid this problem, we used modified 326 experimental design for the data shown in figure 2 and figure 3 . Plasmid psgRNA carries a cos site 327 enabling its packaging in phage lambda capsids. The library was transformed in strain CY2120 which 328 carries a temperature sensitive lysogenic lambda prophage with its cos site deleted (Cronan 2013) . 329
Upon induction at 42°C, lambda capsids are produced and the psgRNA packaged. Cosmid particles 330
can then be purified as described previously (Cronan 2013) . Briefly, strain CY2120 carrying psgRNA 331 was diluted 100-fold from an overnight culture in LB supplemented with 50 mM Tris-HCl buffer (pH 332 7.5) and grown at 30°C until OD600 ≈ 0. kanamycin 50 μg/ml to inhibit the growth of cells that were not transduced. Cells were recovered 344 and plasmids extracted from 15 ml of culture using NucleoSpin Plasmid kit (Macherey-Nagel, Duren, 345
Germany). Transduction in strain MG1655, which does not carry Cas9, was used as a control. 346
To measure the relative abundance of guide RNAs in each sample, the library of guide RNA was 347 sequenced following the method described by Lun Cui et al. (Cui et al. 2018) . Two nested PCR 348 reactions were used to generate the sequencing library with primers described in Supplementary 349 
